The synthetic diacylglycerol l-oleoyl-2-acetylglycerol competes directly with [ H]phorbol 12,13-dibutyrate for common binding sites in monolayer cultures of Swiss 3T3 cells and rapidly stimulates the phosphorylation of a Mr 80,000 cellular protein that has recently been shown to reflect the activation of protein kinase C in intact cells. Thus, this
diacylglycerol provided a useful tool to determine whether exogenously added diacyIglycerols can mimic the potent tumor promoter phorbol ester in eliciting DNA synthesis and cell division in quiescent cells. We found that OAG acts synergistically with insulin and other growth factors to stimulate reinitiation of cell proliferation, and several lines of evidence indicate that OAG shares with phorbol esters a common pathway of mitogenic action via stimulation of protein kinase C activity in intact 3T3 cells. The findings support the hypothesis that diacylglycerols represent endogenous analogs of phorbol esters and raise the possibility that diacylglycerols generated in the plasma membrane could act as a mitogenic signal for quiescent cells.
Ca2+-sensitive phospholipid-dependent protein kinase (protein kinase C) is a widely distributed cyclic nucleotide-and calmodulin-independent phosphotransferase (1-3) that is activated by unsaturated diacylglycerols in the presence of phospholipids and physiological concentrations of Ca2+ (4) (5) (6) . Recent studies with cell-free preparations (7-10) as well as with intact fibroblasts (11) have shown that the potent tumor promoters of the phorbol ester family (12) bind to and directly activate protein kinase C, substituting for diacylglycerol. Further studies have shown that homogeneous preparations of protein kinase C from rat brain bind [3H]phorbol 12,13-dibutyrate ([3H]PBt2) (13, 14) and that 1,2-diacylglycerols compete with this radioactive ligand for common binding sites (15) . It has been hypothesized that the high-affinity specific receptor for phorbol esters that was detected in a wide variety of cells and tissues (16) (17) (18) (19) (20) (21) is a complex formed between protein kinase C, Ca2 , and membrane phospholipids (13, 22) and that unsaturated diacylglycerols generated by phospholipid breakdown (22, 23) may represent the long-sought endogenous analogs of the phorbol esters and structurally related plant diterpenes (15, (23) (24) (25) . A critical test of this hypothesis required experiments with intact cells.
Phorbol esters are not only potent tumor promoters (12, 26) but also they induce a complex array of early biological responses in cultured cells (24, 26) , as well as stimulate DNA synthesis and cell division in quiescent cells (21, 25, 27) . A crucial step for establishing that some or all these events are mediated through activation of protein kinase C and that this phosphotransferase system may play a central role in the regulation of cellular growth is to show that exogenously added diacylglycerols can mimic the action of the phorbol esters in stimulating reinitiation of DNA synthesis and cell division in quiescent cells. To test whether diacylglycerol and phorbol esters act as functional analogs, we chose untransformed Swiss 3T3 cells as a model system because of the considerable body of information available on their mitogenic response to phorbol esters in well-defined media (21, 25, (27) (28) (29) (30) (31) (32) (33) and because these cells possess high-affinity specific receptors for [3H]PBt2 that mediate the effects of phorbol esters on mitogenesis (21, (31) (32) (33) .
In this paper, we report that the synthetic diacylglycerol 1oleoyl-2-acetylglycerol (OAG), which directly competes with [3H]PBt2 for binding to specific receptors in intact 3T3 cells and rapidly stimulates protein kinase C in these cells, is a potent mitogen for Swiss 3T3 cells acting synergistically with other growth factors. Based on the evidence presented here, we conclude that externally applied synthetic diacylglycerol shares with phorbol esters a common pathway of mitogenic action through activation of protein kinase C. The results raise the possibility that diacylglycerols generated in the plasma membrane may act as a mitogenic signal for quiescent cells.
MATERIALS AND METHODS
Cell culture procedures (21, 25, 29) , [3H]PBt2 binding measurements (21) , NaDodSO4/polyacrylamide slab gel electrophoresis of phosphorylated proteins (11), assays of DNA synthesis by [3H]thymidine incorporation (25, 29) or autoradiography (25) , and cell number determinations (27) were carried out as described. Synthesis of OAG was as described by Buchnea (34) . OAG was dissolved in dimethyl sulfoxide at 50 mg/ml. Controls in the various assays received equivalent volumes of the solvent. Monoolein, 1,2-diolein, and 1,3diolein were obtained from Sigma. The source of other unlabeled and labeled compounds was as in previous publications.
RESULTS
OAG Binds to and Activates Protein Kinase C in Intact 3T3 Cells. A set of experiments has shown that OAG, a synthetic diacylglycerol that activates protein kinase C "in vitro" (35) and stimulates exocytosis in intact platelets (36, 37) , provides a useful probe to assess the role of protein kinase C in intact Swiss 3T3 cells. As shown in Fig. 1 Other cultures were washed as above, kept at 4°C for 5 min, and then incubated as above except at 4°C instead of at 37°C. Binding of [3H]PBt2 to 3T3 cells was measured after 60 min of incubation at 37°C or at 4°C in the absence (957 + 29 and 713 ± 36 cpm per culture at 37°C and 4°C, respectively; mean + SEM, n = 3) or presence of OAG (n) or 1,2-diolein (A). Nonspecific binding of [3H]PBt2, defined as that measured in the presence of 2 ,sM phorbol 12-myristate 13acetate was subtracted from all values obtained, which were then expressed as percentage of specific binding in the absence of diacylglycerol.
inhibition of [3H]PBt2 binding was obtained at 59 pg/ml at 37°C. In contrast to the effect of agents that inhibit ligand binding to intact cells through an indirect mechanism (38) (39) (40) , OAG inhibited specific [3H]PBt2 binding at both 37°C and 4°C ( Fig. 1 ). No inhibition of [3H]PBt2 binding was observed with 1,2-diolein ( Fig. 1) Recently, we reported that a rapid increase in the phosphorylation of a cellular protein of Mr 80,000 (termed "80k") reflects the activation of protein kinase C by phorbol esters and endogenous diacylglycerol in intact 3T3 cells (11) . Hence, addition of a diacylglycerol that can gain access to the enzyme in intact 3T3 cells should enhance 80k phosphorylation in these cells. As shown in Fig. 3 , addition of OAG to quiescent 3T3 cells labeled with 32p stimulated the phosphorylation of a protein that migrated with an apparent Mr of 80,000 and PBt2 elicited an identical effect (see also ref. 11). Peptide mapping after limited proteolysis with V8 protease (41) of the 80k phosphoprotein obtained in response to OAG or PBt2 showed identical phosphopeptide fragments. OAG stimulation of 80k phosphorylation could be detected 1 min after its addition and reached a maximum after 5 min of incubation. In contrast, neither 1,2-diolein nor 1,3-diolein (tested at 100 pg/ml) stimulated 80k phosphorylation in intact cells (results not shown).
Prolonged pretreatment of 3T3 cells with PBt2 leads to marked reduction in the number of [3H]PBt2 specific binding sites (21, (31) (32) (33) , in the activity of the protein kinase C measured in cell-free extracts (42) , and in the stimulation of 80k phosphorylation caused by a subsequent addition of PBt2 to stimulate DNA synthesis in 3T3 cells (Fig. 4A) .
The time course of stimulation of DNA synthesis by OAG, insulin, or both is shown in Fig. 4B . The combination of OAG and insulin stimulated [3H]thymidine incorporation after a lag of 16 hr, which is comparable with that produced by other mitogenic agents, including phorbol esters (24, (27) (28) (29) (30) . Similar results were obtained when DNA synthesis was measured as percentage of labeled nuclei after autoradiography (Fig. 4B) .
The mitogenic activity of OAG in cultures of Swiss 3T3 cells could also be measured in terms of cell number. As shown in Table 1 , OAG and insulin caused a synergistic increase in cell number; OAG was as effective as PBt2 in stimulating cell proliferation while 1,2-diolein did not have any significant effect. In other experiments, 3T3 cells were plated in the presence of 2.5% (vol/vol) fetal bovine serum and, after 24 hr of incubation, the cultures were exposed to various concentrations of OAG in the absence or presence of insulin. As shown in Fig. 5 , OAG stimulated cell proliferation in a dose-dependent manner; maximum stimulation was achieved at 40 Ag/ml. The range of OAG concentration that stimulated increases in cell number in the presence of serum .0 Confluent and quiescent Swiss 3T3 cells grown in 33-mm dishes were washed twice with DME medium at 370C and incubated in a 1:1 mixture of DME/Waymouth medium containing bovine serum albumin at 1 mg/ml and various additions. Cell numbers (mean ± SEM; n = 6) were measured after 5 days of exposure to the additions.
FIG. 5. (A)
Dose-response curves for the effect of OAG on growth of Swiss 3T3 cells in the absence or presence of insulin. Cells were seeded at 10i per 5-cm plastic dish in 5 ml of DME/Waymouth medium supplemented with 2.5% fetal bovine serum. After 24 hr, the medium was replaced by fresh DME/Waymouth medium containing 2.5% fetal bovine serum and different concentrations of OAG (o); some of the cultures also received insulin at 1 ,g/ml (e). Growth of parallel cultures treated with PBt2 at 100 ng/ml in the absence (open bars) or presence (closed bars) of insulin at 1 pUg/ml is shown for comparison. Cells were counted 6 days after the start of the experiment. (B) Stimulation of Swiss 3T3 cell proliferation by OAG. Cells were seeded as above. After 24 hr, the medium was replaced by fresh DME/Waymouth medium supplemented with 2.5% fetal bovine serum and insulin at 1 /Ag/ml (o) . Some of the cultures also received OAG at 30 yg/ml (e) or PBt2 at 100 ng/ml (u). Cells were counted by removing them from the dish with trypsin solution and counting a portion of the resulting suspension in a Coulter Counter. Each point represents the mean of two determinations that agree within 1%o. was somewhat lower than that required to stimulate DNA synthesis in serum-free medium. This difference can be accounted for by the synergism that exists between the diacylglycerol and the growth factors contributed by the 2.5% serum present in the cell growth assay mixtures (results not shown). It is noteworthy that OAG was as effective as PBt2 (at 100 ng/ml) in stimulating 3T3 cell proliferation (Fig. 5 ). In contrast, 1,2-diolein or 1,3-diolein (tested at 40 Mug/ml) in both the absence and the presence of insulin failed to increase the growth of 3T3 cells (results not shown).
Synergistic Effects of OAG with Other Growth-Promoting Agents. If OAG and phorbol esters share a common pathway of mitogenic action, these molecules should exhibit identical patterns of synergistic effects with other growth factors. As reported above, OAG, like phorbol esters, stimulates DNA synthesis in 3T3 cells when added in serum-free medium containing insulin. As shown in Table 2 , addition of retinoic acid (1 pLM) or colchicine (2.5 AuM) enhanced the mitogenic activity of OAG and insulin. Further, OAG potentiated the stimulation of DNA synthesis by low concentrations of fibroblast-derived growth factor (FDGF), a mitogen produced by a transformed cell line (39, 43) , that is similar to plateletderived growth factor (PDGF) (44) . In accord with this, similar results were obtained when PDGF was used instead of FDGF ( Table 2 ). Addition of retinoic acid further enhanced the mitogenic activity of OAG in the presence of FDGF or PDGF ( Table 2 ). In the presence of both OAG and retinoic acid, the dose of PDGF or FDGF required to produce halfmaximal stimulation was markedly reduced (results not shown). Identical synergistic effects have been reported with phorbol esters (25, 27, 28, 45) and with teleocidin (31). If phorbol esters and OAG stimulate DNA synthesis by a common mechanism, these agents should not interact synergistically in stimulating DNA synthesis. As shown in Fig.  6A , OAG stimulated [3H]thymidine incorporation into acidprecipitable material when tested in the presence of insulin.
In contrast, addition of OAG in the presence of a saturating concentration of PBt2 (100 ng/ml) failed to stimulate DNA synthesis. The absence of synergistic effect between OAG and PBt2 was confirmed when DNA synthesis was measured as percentage of labeled nuclei after autoradiography (Fig.  6B ). Phorbol esters stimulate DNA synthesis by a pathway that converges with that of vasopressin (25, 31) at a postreceptor locus (21, 32, 33, 46) . Like phorbol esters, OAG fails to synergise with vasopressin to stimulate DNA synthesis in 3T3 cells (Fig. 6 ).
Prolonged treatment of Swiss 3T3 cells with PBt2 decreases the mitogenic response to subsequent addition of phorbol ester markedly (21, (31) (32) (33) . Further, as shown in Fig. 3 , prolonged pretreatment of 3T3 cells with PBt2 prevented enhancement of 80k phosphorylation by OAG. If OAG acts as a mitogen by activating protein kinase C, treatment of cells with PBt2 should lead to cellular desensitization to the mitogenic effect of OAG. To test this possibility, quiescent cultures of Swiss 3T3 cells were treated with PBt2 for 48 hr, washed thoroughly, and incubated with insulin in the presence of various concentrations of either PBt2 or OAG. were grown to confluency in DME medium containing 10%o fetal bovine serum. The medium of these quiescent cultures (i.e., depleted medium) was removed from the dishes, diluted 1:4 (vol/vol) with DME medium, and returned to the cultures in either the absence (o) or presence (e) of PBt2 at 200 ng/ml. After 48 hr at 37°C, all the cultures were washed five times with DME medium containing bovine serum albumin at 1 mg/ml to remove residual PBt2 (21, 30) and incubated in 2 ml of a 1:1 mixture of DME and Waymouth media containing [3H]thymidine, bovine serum albumin at 1 mg/ml, insulin at 1 jg/ml, and various concentrations of either PBt2 or OAG. After 40 hr at 37°C, the radioactivity incorporated into acid-precipitable material was measured. Results are expressed as percentage of the maximal response achieved with either PBt2 (12.4 x 104 cpm per dish) or OAG (9.0 x 104 cpm per dish).
As shown in Fig. 7 , prolonged pretreatment of 3T3 cells with PBt2 led to a striking decrease in the mitogenic response of the cells not only to PBt2 but also to OAG. This loss of the mitogenic res onse to OAG in 3T3 cells with greatly reduced numbers of [ H]PBt2 binding sites (21, (31) (32) (33) and protein kinase C activity (11, 42) suggests that OAG and phorbol esters utilize this protein kinase in the production of their mitogenic responses.
DISCUSSION
The present results show that the synthetic diacylglycerol OAG competes directly with [3H]PBt2 for common binding sites in monolayer cultures of 3T3 cells and rapidly stimulates the phosphorylation of 80k, a protein that has been shown to reflect the activation of protein kinase C in these cells (11) . Thus, OAG provides a useful tool to determine whether exogenously added diacylglycerols can mimic the action of phorbol esters in eliciting mitogenesis in quiescent cells. We found that the effect of addition of OAG to quiescent cultures of Swiss 3T3 cells is synergistic with that of insulin and other growth factors in stimulation of reinitiation of cell proliferation. The mitogenic effect of OAG was dependent on dose and time and exhibited specificity; 1,2-diolein, which neither inhibits [3H]PBt2 binding nor stimulates 80k phosphorylation in intact 3T3 cells, was not effective in stimulating DNA synthesis or cell proliferation at comparable concentrations. It is plausible that diacylglycerols having two long fatty acid residues are too hydrophobic to gain access to the inner part of the plasma membrane and, hence, are not biologically active when presented to intact cells.
If OAG and PBt2 stimulate DNA synthesis and cell division through activation of protein kinase C, these mitogens should act as functional agonists. Several lines of evidence indicate that this is indeed the case. First, OAG and phorbol esters have identical patterns of synergistic effects with other growth factors, including insulin, PDGF, FDGF, retinoic acid, colchicine, and low doses of fresh serum. Second, the effect of OAG is not synergetic with that of phorbol ester, a result consistent with the proposition that these agents act through a common mechanism. Further, OAG like phorbol esters (25, 28, 31) does not exhibit any synergistic stimulation of DNA synthesis with vasopressin. This striking lack of synergism between OAG, phorbol esters, and vasopressin contrasts with the ability of OAG to stimulate DNA synthe-Cell Biology: Rozengurt et aL Cell Biology: Rozengurt et aLP sis in the presence of a wide range of mitogens. Finally, the hypothesis that OAG and phorbol esters act through activation of protein kinase C is further substantiated by experiments in which 3T3 cells were exposed to PBt2 for 24-48 hr prior to the mitogenic assay. This prolonged pretreatment leads to a striking reduction in the number of specific [3H]PBt2 binding sites in intact cells (21, 32, 33) , in the protein kinase C activity measured in partially purified cell-free extracts (42) , and in the response of the cells to subsequent challenge with phorbol esters (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (31) (32) (33) . A salient feature of the results presented here is that prolonged pretreatment of cells with PBt2 blocks the stimulation of DNA synthesis elicited by OAG. Thus, exogenously added synthetic diacylglycerol shares with phorbol ester a common pathway of mitogenic action via stimulation of protein kinase C activity in intact 3T3 cells. The fact that OAG and PBt2 are functional agonists in eliciting mitogenesis in quiescent cells supports the hypothesis that unsaturated diacylglycerols are endogenous analogs of the phorbol esters and structurally related plant diterpenes (12) , as well as of tumor promoters of the indole alkaloid class such as teleocidin (31, 47) .
Understanding the mechanism of action of mitogenic stimuli requires identification of the intracellular signals capable of initiating or modulating the proliferative response (32, 48, 49) . It has been hypothesized that phorbol ester modulates mitogenesis through pathways that converge with those used by other mitogenic hormones (25, 30, 31, 49) and that protein kinase C could represent a point of convergence in the action of a variety of mitogenic ligands (11) . Hence, protein kinase C may not only mediate the multiple biological actions of phorbol esters but also play a fundamental role in effecting the proliferative response elicited by growth factors and mitogenic hormones in their target cells. In the framework of this hypothesis, diacylglycerol, the endogenous activator of protein kinase C at physiological concentrations of Ca2+ (4-6, 22) may be one of the signals that can mediate the mitogenic effects of a variety of ligands in quiescent fibroblastic cells. The demonstration that exogenously added diacylglycerol stimulates DNA synthesis and cell division in quiescent cells is a prerequisite to understanding the role of endogenous diacylglycerol as a signal for initiating normal or maintaining abnormal (50) cell proliferation.
